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INTRODUCrION
The existence of bacteria capable of utilizing elementary nitrogen independent of a host plant has now been known for sixty years. A few earlier investigators probably had crude cultures of such organisms, but it was left for Winogradsky (1) to give definite proof of nitrogen fixation by pure cultures of an anaerobic bacterium. Beijerinck (2, 3) followed this with his discovery of the same phenomenon in aerobic bacteria, and in the following years many statements on the existence of other nitrogen fixing bacteria were made but not confirmed by subsequent research, as far as heterotrophic organisms were concerned. Two important groups of autotrophic nitrogen fixing forms of life have, however, been added: several blue-green algae, and more recently a number of photosynthetic bacteria (4, 5) .
The heterotrophic bacteria that unquestionably are capable of independent nitrogen fixation and therefore commonly are known as free-living or nonsymbiotic nitrogen fixers include two broad groups: a family of aerobic bacteria, the Azotobacteriaceae, and numerous anaerobic spore-formers of the genus Clostridium, typified by C. pasteurianum Winogradsky (1) .
The family Azotobacteriaceae is usually regarded as consisting of a single genus Azotobacter, with the type species A. chroococcum (6) . Strong evidence has recently been presented for regarding a group of strains typified by A. indicum Starkey and De (7) as a separate genus Beijerinckia Derx (8) . This proposal has been adopted in the present paper which is an attempt to appraise the status of our present knowledge concerning the general biology of the aerobic nitrogen fixing bacteria. An enormous volume of papers has been published on their morphology, taxonomy, physiology, distribution in nature, and importance in the biological nitrogen cycle. Stapp and Ruschmann (9) and Waksman (10) have reviewed much of the earlier literature, and Kyle and Eisenstark (11) have compiled a more recent extensive bibliography. The mechanism and comparative biochemisty of nitrogen fixation have been fully discussed by Wilson (4, 5) and Wilson and Burris (12) , and are not treated in detail here.
THE GENUS AZOTOBACTER
The genus Azotobacter forms an easily recognizable group of bacteria widely distributed in soil and water. The azotobacter are characterized morphologically by the large size and variable shape of their cells that sometimes resemble yeasts or unicellular algae, and physiologically by their strictly aerobic mode of life and their abundant growth in appropriate media free from combined nitrogen; their growth in routine media such as meat extract peptone broth and agar is feeble or even absent. The genus comprises at 195 H. L. JENSEN least three well defined species, A. chroococcum, A. vinelandii, and A. agile, probably a fourth, A.
beijerinckii, and possibly others.
Morphology and Reproduction More papers on "pleomorphism" have dealt with the azotobacter than with probably any other bacterium. L6hnis and Smith (13) have gone farthest in this respect and described a complex "life cycle" comprising many different types of organisms as stabilized stages. This has not been confirmed by later investigators (14, 15, 16, 17, 18, 19, 20, 21) , who have mostly explained L6hnis and Smith's results as due to latent contaminants that often are difficult to eliminate from the cultures of Azotobacter; this explanation, indeed, would hardly account for the reported regeneration of normal azotobacter from some of the aberrant forms, e.g., the so-called "fungoid form" studied by Lbhnis and Smith. Yet the morphology of Azotobacter in reliably pure cultures is remarkably variable, and general agreement seems to exist that the following cell types occur:
1. Bluntly rod-shaped or oval cells, measuring very roughly 2 x 4 j.; the size is subject to great variations and is largest in A. agile.
2. Approximately spherical cells or some 2-3 , diameter, in short chains or clumps, arising by shortening of the rod-shaped cells. Cell types 1 and 2 may be taken to represent the "typical" cells of the azotobacter shown by young cultures in favorable nitrogen-free media and also in the soil (14, 15, 16) . 3 . Smaller rod-shaped or spherical cells, sometimes less than one;u in diameter, arising in aging cultures or under special conditions of nutrition, a process that Winogradsky (16) described as "nannocytosis" 4. Resting cells (cysts), of roughly spherical shape, with contracted cytoplasm and a doublecontoured cell wall. Their formation, according to Winogradsky (16) , is favored by simple organic compounds, e.g., butanol, as sources of carbon, and may be permanently suppressed by cultivation in glucose or mannitol media. At least one species, A. agile, lacks cyst formation and probably for this reason also the resistance to desiccation that otherwise is so characteristic of other members of the genus (16) . 5 . Large, often irregularly swollen or filamentous cells. These have played an important role in discussions on pleomorphism in the azotobacter and were described as "gonidangia" by L3hnis and Smith (13) . Their nature is not yet clear but upon the whole they seem to arise under conditions of nutrition different from those in simple nitrogen-free media, or generally under the influence of an unfavorable environment (16, 19, 20, 21, 22 ). Den Dooren de Jong (19) has given a very detailed description of the many bizarre cell types of A. chroococcum, including sometimes enormously swollen cells that arise in media with combined, especially organic, nitrogen. Winogradsky (16) regarded the foregoing mentioned cell types 1-4 as the only normal ones that solely are seen in media resembling the natural habitat of the azotobacter (soil and water); the arising of big swollen cells of azotobacter in glucose or mannitol media was interpreted as hypertrophy in "domesticated" azotobacter that had become adapted to "good" nutrients not represented in their natural surroundings. Eisenstark et al. (21) however, pointed out that "in nature, of course, azotobacter do not exist in a nitrogen-free medium as they do in the laboratory of artificial culture." Smit (J. Gen. Microbiol., 11, vii, 1954) (20, 21, 22, 23) , and Bisset and Hale (25) (25, 27) observed the same in other strains. Acid fast elements (22) (16, 21, 22) ; this is probably the "exospore"-formation described by L6hnis and Smith (13) . The cysts seem to germinate by local dissolving of the cell wall, upon which the cytoplasm emerges and assumes the rod shape typical of young cultures (22) . Reproduction by endogenously produced gonidia (13, 17, 25) is still an unsettled question, and no evidence has been found for the existence of a filterable stage in cells of Azotobacter (17, 21, 31) . The pictures of "conjugation cells", which L6hnis and Smith (13) (38) ], rhamnose and surprisingly enough, mannose (9, 33) .
The pattern of available carbon compounds varies a good deal in different strains and species. For instance, ability to use lactose and glycerol seems upon the whole to be rare (33) , and several strains of A. chroococcum and A. beijerinckii fail to utilize mannitol (39, 40) and starch (27) . A. agile seems somewhat more restricted in its choice of carbon compounds than other species, and does not utilize mannitol and benzoate (16) . A. insigne is confined to ethanol and organic acids other than formic and benzoic (30) .
The wide range in available carbon sources eorresponds to a similar versatility of the azotobacter in adaptive enzyme formation, as shown by Burris et al. (35) and Harris (41) , but the mechanism of carbohydrate dissimilation has been only recently intensively investigated.' Harris (41) (34, 46) . Pure cultures of azotobacter, apart from certain mutants (19) , have never been shown to form acids or other organic by-products, at least under optimal conditions for respiration. Fife (47) (48) found that A. chroococcum used only ammonia and compounds readily convertible to this compound when free nitrogen was excluded. Nitrate, nitrite, urea, adenine, asparagine, aspartic and glutamic acid were readily available, and guanine, ailantoin, cytosin and uracil to a slight degree. Oximes and nitrous oxide are unavailable, and hydroxylamine is toxic even in small concentrations (4, 5, 12) . Assimilable organic nitrogen compounds, except urea, are utilized less readily than ammonia, nitrate and free nitrogen, according to Green and Wilson (49) . The three last compounds thus command the chief interest, not least, from an ecological point of view.
Ammonia (4, 5, 12 Horner and Burk (56) estimated this extracellular nitrogen to be 10 to 25% of the total in young cultures. The amount increases considerably when the medium is depleted of energy material and autolysis takes place (55); it also varies in different species and is influenced by the composition of medium. Bortels (57) even found close to 40% extracellular nitrogen in 4 day cultures of A. vinelandii in medium of low iron content. The excreted nitrogen seems chiefly present as high molecular compounds (56) , is available to certain bacteria growing in association with azotobacter (55) , and includes small amounts of those simpler nitrogen compounds that have figured so prominently in discussions on the mechanism of nitrogen fixation viz., aspartic acid and traces of hydroxylamine, free or bound as oxime (56) .
The excreted nitrogen compounds also often include some ammonia, the origin of which has been the subject of much controversy. Winogradsky (36) regarded the ammonia volatilized from azotobacter cultures on silica gel with sodium salts of organic acids as a direct product of nitrogen fixation in excess over cell synthesis. Homer and Burk (56) found no excretion of ammonia until the medium was exhausted of energy material (glucose or mannitol), and then only to the extent of 10 to 12% of the excreted nitrogen, if the cultures were pure; contaminated cultures showed more rapid and copious ammonia formation. Winogradsky (53, 58) has, however, strongly upheld the view that although no ammonia arises in the presence of glucose or mannitol, this does not apply to cultures of A. agile on silica gel with ethanol, where a protracted liberation of ammonia begins well before the ethanol is completely used. This seems entirely at variance with the results of other studies on the competitive effect of ammonia in nitrogen fixation (4, 5) and would warrant retesting, especially in view of recent observations by Newton et al. (59) (9, 61, 62) and actually seems to allow a higher rate of growth.
Sulphur appears to be available only as sulphate, according to Greaves and Anderson (63) . Before the work of Krzemieniewska (60), potassium was often thought to be nonessential; Greene (64) found that amounts as small as 0.05 mg per gram of mannitol were sufficient.
Calcium was found by Burk and Lineweaver (65) to be replaceable by strontium only, and to be required in amounts of 20 to 50 ppm for optimum growth with free nitrogen. A good deal of controversy exists about its essentiality for growth with combined nitrogen. Several authors (9, 66, 67, 68) have maintained that it is not needed for assimilation of nitrate or ammonia. Bortels (50) , however, was unable to confirm this; and also Burk and Homer (69) , in contrast to their former views, concluded that equal concentrations of calcium are necessary for growth with free nitrogen, nitrate, ammonia, and asparagine. The actual physiological function of calcium is unknown.
Magnesium was found by Homer and Burk (68) to be required in equal amounts irrespective of the source of nitrogen. These authors found 3 to 5 ppm necessary for optimal and 1.0-1.5 ppm for half-optimal growth of A. vinelandii, and they calculated a similar value from the data of Krzemieniewska. The results were apparently obtained under conditions of partial molybdenum deficiency. Webb (70) 
(nil)
With respect to nitrate assimilation the azotobacter thus show the same behavior as denitrifying bacteria, fungi and higher plants (81) .
Vanadium alone has been found capable of replacing molybdenum in nitrogen fixation (50, 80) . It is active at the same range of concentrations but produces only one-half to two-thirds of the effect of molybdenum, and appears unable to replace molybdenum in nitrate assimilation (50, 69) . This suggests that although some pathways may be common to the processes of nitrogen fixation and nitrate assimilation, molybdenum does not act at the same stage in both; the higher concentrations of molybdenum required for optimum nitrogen fixation point in the same direction.
The essentiality of other elements for the azotobacter remains uncertain. Bortels (57) reported a stimulating influence of manganese in certain experiments when iron and molybdenum induced only a slight nitrogen fixation (in the opinion of Bortels because of unfavorable weather conditions), but Homer et al. (80) found no such effect either in the presence or the absence of molybdenum. According to Plaut and Lardy (82) , manganese activates the oxalacetate decarboxylase of A. vinelandii more strongly than does magnesium. A "supporting" effect of tungsten at suboptimal molybdenum supply seems due to the difficulty of removing traces of molybdenum from tungsten salts (80) . Schr6der (67) considered copper and zinc to be necessary at least for growth with free nitrogen, while Mulder (83) found that A. chroococcum needed copper only for production of the dark pigment but not for actual growth. Lewis (84) (89) showed that pyridine in small concentrations caused a minor but definite growth acceleration without itself being metabolized. According to Fischer (33) , only strains with a slow initial rate of nitrogen fixation are stimulated by pyridine, and cell decoction of azotobacter produces the same effect. Greaves et al. (90) stated that various amino acids stimulate nitrogen fixation in A. chroococcum; with some exceptions, e.g., tyrosine at 5 ppm, the effect was not very marked, and the medium appears to have been suboptimal (no molybdenum added).
Azotobacter thus normally seem to require no other organic compounds than an available energy source for optimum growth, but the possibility remains that certain strains may be stimulated by accessory growth factors or essential amino acids. In this connection it is worth noticing that Karlsson and Barker (91) produced a leucine dependent, although unstable, mutant of A. agile.
Azotobacter often form extracellular polysaccharides in copious amounts. Stapp (24) showed that the material produced in mannitol mediumn was a protein-free hemicellulose hydrolyzable with weak acids, and Cooper et al. (92) later identified glucose together with small amounts of uronic acid among the hydrolysis products of polysaccharide from sucrose medium. Hestrin (93) has mentioned formation of levan and its hydrolysis to oligolevans and sucrose by adaptively formed levan-degrading enzymes.
Little is known about the chemical character of the dark insoluble pigment of A. chroococcum or the water-soluble greenish-yellow to purple pigments of A. agile and A. tinelandii; the character of the latter depends on the composition of the medium, inter alia, the proportion of iron and molybdenum (57) . Winogradsky (36) first showed that many strains of Azotobacter produce a dark water-soluble pigment from benzoic acid. Wang (94) made a detailed study of this pigment and concluded that it largely resembles soil humus in its chemical and physical properties; its nitrogen is probably derived from the excretion products of the azotobacter. Wang regarded the formation of this pigment as a contributory factor in humus formation; his microbiological tests, however, indicate that the pigment is much more readily decomposed than is genuine soil humus.
Azotobacter are able to produce auxin-like compounds that may either stimulate or inhibit the growth of plant roots or coleoptiles (95, 96, 97 (97a) found that a P02 of 0.5 atm was necessary to insure maximum rate of respiration by A. vinelandii 0 even when as little as 100 micrograms of cell N per Warburg cup was used; they report Qo2 (N) values as high as 10,000-20,000 on several substrates of the TCA cycle. Fife (47) found that the respiration in cultures with combined nitrogen increased up to 100% 02. den Dooren de Jong (19) (106) found an optimum near pH 6.8; this together with the existence of strains like the one described by Tchan (103) suggests a somewhat greater acid-tolerance in this species.
Colloids. Various earlier statements on a favorable effect of different colloids on the growth of azotobacter are difficult to evaluate, owing to the possible effect of micronutrients carried as impurities (cf. Bassalik and Neugebauer (88) who found no effect of dialyzed silicic acid). Rippel (107) showed that the addition of 0.1-0.2% agar to a medium of adequate composition greatly increased the growth rate but not the final yield of A. chroococcum. This effect seems largely of a physical nature, partly due to lessened precipitation of iron, but perhaps chiefly to the increased viscosity of the medium which facilitates surface growth under ready access of oxygen and nitro- (38) . Mutations
Azotobacter often show mutation-like changes that may appear as dissociations in colony type or pigmentation (117) (26) , that should be characterized by its constant spherical shape, nonmotility and lack of pigment, was later considered a variety of A. agile (13) . Aso and Yoshida (121) found it serologically different from other azotobacter, and its nitrogen fixing ability appears so slight (26) that doubts may be entertained about it being an Azotobacter at all. Some very recently described species are still so little known that they are perhaps better kept in abeyance for the present. These include A. insigne Derx (30) , an aquatic organism with polar flagella, and two others mentioned by Krasilnikov et al. (29) (53) points out, will show quite a spectrum ranging through every shade from very light to dark brown or nearly black, and further it is subject to mutation-like changes that sometime3 manifest themselves as formation of white sectors in normally pigmented colonies (19, 117 attention to the larger cell size in A. beijerinckii, but it remains uncertain whether this as well as the tendency to chain formation exceeds the range of strain variation (27) . Aso and Yoshida (121) considered it serologically identical with A. chroococcum. It seems possible, however, to retain the name A. beijerinckii for a group of strains characterized by nonmotility and yellowish or in some strains white growth on agar (26, 27, 106, 122, 123) . These strains also sometimes lack cyst formation and starch hydrolysis (27) , possess a somewhat greater resistance to acid reaction (27, 103, 106) , and appear serologically different from A. chroococcum (E. J. Petersen Strain variation and strain specificity in Azotobacter leave plenty of material for future study, and until these have been worked out more fully, the species concept will probably remain subject to that diffuseness which find its expression in terms like "var. atypica" (125), "var. acidotolerans" (103) , and "var. achromogenes" (27) . A great extension of our knowledge could doubtless be attained through a study of the specific behavior of strains freshly isolated from the soil, as prescribed by Winogradsky (53) (126) . Ammonia and nitrate, the latter with accumulation of nitrite, are used at a much higher rate than is free nitrogen (49 lacticogenes. Beijerinckia appears to be confined to tropical regions and so far has been found only in soils from India and Burma (7), Java (8, 128) , Tropical Africa (127), Northern Australia (129), and South America (129) . Quite special soil conditions thus seem necessary for the establishing of a Beijerinckia population in the soil. Derx (130) suggested an association (as rhizosphere organism?) with the root systems of tropical leguminous plants or possibly the Caesalpinioideae, and propounded the hypothesis that Beijerinckia represents an ancestral type of Rhizobium that has retained a supposed original power of nonsymbiotic nitrogen fixation.
Addendum: The Genus Azotomonas (sensu Stapp) The generic name Azotomonas was coined by Orla-Jensen (124) (10, 11) , but these tell us only about the "standing crop" of azotobacter (not even in terms of individual cells) and not about the rate at which new cells arise and replace the dying ones-in other words, the rate of turnover of the azotobacter population which (with the important proviso that free nitrogen only is used for cell synthesis) would be a real measure of nitrogen fixation. Gains of nitrogen detectable by the Kjeldahl method can indeed under adequate conditions be induced by addition of suitable energy material to the soil, but then the numbers of azotobacter rise to the order of hundreds or thousands of millions per gram of soil (15, 135) and become altogether incomparable to those observed in normal soils where they are rarely of an order of more than thousands per gram, as determined by cultural methods.
In fact, the numbers of azotobacter cells found in soil where nitrogen fixation has been artificially induced seem roughly to account for the amount of nitrogen fixed (135) , and since cell proliferation and nitrogen fixation run parallel, we may form an estimate of the number of cells required to fix a given quantity of nitrogen. Cells of azotobacter seen by microscopic examination of soil vary considerably in size and shape (15, 135) , but it may not be far out to regard their average volume as varying between 5 and 10 M', perhaps nearer the former which corresponds to a spherical cell slightly over 2,u in diameter. If 
